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Spin–isospin excitations in 100Nb were studied via the 100Mo(t, 3He) charge-exchange reaction at 115 
MeV/u with the goal to constrain theoretical models used to describe the isovector spin response 
of nuclei. The experiment was performed with a secondary beam of tritons, and 3He particles were 
analyzed in the S800 magnetic spectrometer. Decay by neutron emission from excited states in 100Nb
was observed by using plastic and liquid scintillator arrays. Differential cross sections were analyzed 
and monopole excitations were revealed by using a multipole decomposition analysis. The Gamow–Teller 
transition strength observed at low excitation energies, which is important for estimating the electron-
capture rate in astrophysical scenarios, was strongly fragmented and reduced compared to single-particle 
and spherical mean-ﬁeld models. The consideration of deformation in the theoretical estimates was 
found to be important to better describe the fragmentation and strengths. A strong excitation of the 
isovector spin giant monopole resonance was observed, and well reproduced by the mean-ﬁeld models. 
Its presence makes the extraction of Gamow–Teller strengths at high excitation energies diﬃcult. The 
branches for statistical and direct decay by neutron emission were identiﬁed in the spectra. The upper 
limit for the branching ratio by direct decay (integrated over all observed excitations) was determined 
to be 20 ± 6%. Even though the statistical uncertainties in the neutron-coincident data were too large 
to perform detailed studies of the decay by neutron emission from individual states and resonances, the 
experiment demonstrates the feasibility of the method.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Studies of spin–isospin excitations in nuclei are important to 
better understand the isovector spin response of nuclei in general,
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SCOAP3.with applications in astro- and neutrino physics [1–3]. In stellar 
environments, interactions mediated by the weak nuclear force, 
such as β-decays, electron captures (ECs), and neutrino-induced 
reactions, play pivotal roles in the dynamical evolution of super-
novae [1] and the crustal heating and cooling of neutron stars [4,5]. 
ECs are particularly important in these astrophysical environments. 
They proceed predominantly through Gamow–Teller (GT) transi-le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
340 K. Miki et al. / Physics Letters B 769 (2017) 339–344tions and are associated with a change in quantum numbers of 
L = 0 (angular momentum), S = 1 (spin) and T = 1 (isospin). 
For pf -shell nuclei, theoretical calculations based on the shell-
model or random-phase approximation (RPA) have been studied 
intensively by comparing with measured B(GT) distributions, pri-
marily extracted from charge-exchange reactions at intermediate 
energies. Ref. [6] provides an overview of these efforts. In Ref. [7]
a new weak-rate library was presented that provides astrophysi-
cal modelers with a complete set of electron-capture rates as a 
function of stellar density and temperature, based on a variety of 
nuclear structure models. However, for a large fraction of heavy 
and neutron-rich nuclei, EC rates based on an approximation [8,9]
must be used, since rates based on microscopic calculations are not 
available. This approximation assumes the population of a single 
state through a Gamow–Teller excitation with ﬁxed strength and 
excitation energy that are deduced from a comparison with nuclei 
in the pf -shell [9]. For heavier neutron-rich nuclei, this approx-
imation will overestimate the EC rates, as the increasing effects 
of Pauli blocking are not considered. Although the approximation 
was recently improved [10] by adding dependencies to isospin and 
odd–even effects, the longer-term goal is to improve the library by 
including rate sets for heavier nuclei that are based on microscopic 
calculations and benchmarked by experimental data in a similar 
fashion as was done for nuclei in the pf shell. In this work, the 
GT transition strengths in the β+/EC direction from 100Mo were 
extracted by studying the 100Mo(t, 3He) charge-exchange reaction 
at 115 MeV/u with the goal to test microscopic models that are 
candidates for providing rate sets of EC for heavier nuclei in the 
weak-rate library. 100Mo is slightly outside of the region of nu-
clei that is expected to contribute strongly to the deleptonization 
process of the core in core-collapse supernovae [7,11]. Neverthe-
less, until a method to study GT strengths in the EC direction 
on unstable neutron-rich nuclei is developed, 100Mo as the most 
neutron-rich stable Molybdenum isotope, is a good case for test-
ing modern theoretical models in the medium-heavy neutron-rich 
mass region.
The operator for the isovector spin giant monopole resonance 
(IVSGMR) [12–19] carries the same L, S and T as the GT 
operator, but the IVSGMR is a 2h¯ω excitation, whereas the GT ex-
citation is of 0h¯ω nature. Hence, the IVSGMR appears at higher 
excitation energies. In a macroscopic picture of the nucleus, it is 
described as the out-of-phase oscillation of neutron and proton 
densities. Therefore, by measuring the properties of the IVSGMR
one gains insights into the bulk, as well as the microscopic 
properties of the isovector response of nuclei at high excita-
tion energies. A measurement of the IVSGMR excited through the 
100Mo(t, 3He) charge-exchange reaction adds to the slowly increas-
ing body of experimental data from (t, 3He) experiments for this 
resonance [13–16,20]. The charge-exchange (CE) (t, 3He) reaction 
is a powerful spectroscopic tool for studying the β+ spin–isospin 
excitations, including the GT and IVSGMR excitations. In addition 
to the unambiguous isovector selectivity, at intermediate incident 
energies it predominantly induces spin-transfer transitions [2,21,
22]. The GT transition strength is reliably extracted from the CE 
cross section through the well-studied and calibrated proportion-
ality between GT strength and differential cross section at small 
linear momentum transfer (q ≈ 0) [3,23–25].
Nuclei excited at higher energies than their particle-emission 
threshold will predominantly decay via the emission of a parti-
cle. The observation of CE reactions in coincidence with decays by 
neutron or proton emission provides deeper insights of the spin–
isospin excitations in the continuum [13,20,26–30]. The decay by 
particle emission is either direct, in which case the particle escapes 
from the 1p-1h doorway state to leave behind a hole state, or sta-
tistical, in which case the excited state couples to many-particle, many-hole conﬁgurations and the nucleus achieves thermal equi-
librium prior to the emission of a particle [19]. From the study 
of the direct-decay process, detailed information about the micro-
scopic structure of the excited state is obtained as the residual 
hole state reﬂects the composition of the original particle-hole 
conﬁguration. The competition between direct and statistical decay 
processes has been studied quite extensively (in theory and exper-
iment) in the β− channel [13,20,26,28,31–37], in which proton-
particle, neutron-hole excited states are populated in the CE reac-
tion. In that case, the direct decay is associated with the emission 
of a proton with an energy in excess of the Coulomb barrier and 
the statistical decay is associated with the emission of low-energy 
neutrons and photons. Similar studies have not yet been performed 
in the β+ channel, in which neutron-particle, proton-hole states 
are populated. Hence, the statistical and direct decay processes 
are expected to be primarily associated with the emission of neu-
trons and only separable through a measurement of the energy 
of the emitted neutrons. In this study, we measured the neutron 
decay from 100Nb excited in the 100Mo(t, 3He)100Nb reaction and 
extracted ﬁrst results for the branching ratio for decay by direct 
neutron emission.
2. Experiment
The 100Mo(t, 3He + n) experiment was performed at the Cou-
pled Cyclotron Facility (CCF) at NSCL. The primary 16O beam was 
accelerated to 150 MeV/u with a radio frequency of 23.833 MHz 
and struck a 9Be production target. Among the reaction products, 
tritons of 115 MeV/u were selected with a momentum acceptance 
(p/p) of 0.5% in the A1900 fragment separator and puriﬁed to 
better than 99% by using a 195 mg/cm2 Al wedge placed in the 
intermediate image of the A1900. The triton beam intensity was 
107 pps on average. It was monitored by correlating the current of 
the 16O primary beam, which was measured by a non-intercepting 
probe placed just after the CCF, with the yield measured for the 
12C(t ,3He)12B(1+ ,g.s.) reaction. The cross section for this reaction 
was determined previously [23] and was, therefore, used to de-
termine the ratio of the triton beam intensity to the 16O primary 
beam intensity.
The beam struck a 100Mo target with a thickness of 10 mg/cm2. 
The 3He particles scattered at forward angles were momentum-
analyzed by the S800 spectrometer and detected in its focal plane 
by cathode-readout drift chambers and a plastic scintillator. The 
excitation energy in 100Nb was determined in a missing-mass cal-
culation with a resolution of 500 keV (FWHM). Details of the ex-
perimental methods are found in Ref. [38].
Neutrons emitted in the decay of the excited 100Nb nuclei 
were detected by two types of neutron detectors surrounding the 
100Mo target. One type consisted of the plastic-scintillation detec-
tor arrays (referred to as LV, hereafter) LENDA [39,40] (24 bars 
with dimensions of 4.5 cm (W) × 2.5 cm (D) × 30 cm (H)) and 
part of VANDLE [41,42] (24 bars with dimensions of 3 cm (W) ×
3 cm (D) × 60 cm (H)). The plastic scintillator bars were installed 
vertically at a distance of 1 m from the target, with their centers 
at the same height as the target, and covering scattering angles 
between 64◦ and 161◦ with partially overlapping intervals of 4.2◦ . 
The second type consisted of a small liquid-scintillator array (LS, 
hereafter). It had 8 detectors with a diameter of 5.08 cm and a 
depth of 5.08 cm. The detectors were placed in a vertical plane 
around the target, at a distance of 15 cm, and covering scattering 
angles between 51◦ ≤ θ ≤ 129◦ in intervals of 26◦ . The time-of-
ﬂight (TOF) resolution as determined from the prompt-coincidence 
events in which a photon was emitted was 900 ps (FWHM). The 
TOF resolution was limited by the precision of the start timing pro-
K. Miki et al. / Physics Letters B 769 (2017) 339–344 341Fig. 1. (Color online.) The measured double differential cross sections and the results of the MDA for the 100Mo(t, 3He) reaction at 115 MeV/u. The left panel shows the 
cross section as a function of excitation energy for θCM = 0.69, 1.98 and 3.33◦ . The right panel shows examples of the MDA for the excitation-energy bins Ex = 2.0–2.5 and 
Ex = 3.0–5.0 MeV. The black points are the experimental data. The error bars shown are statistical in nature only. See text for systematic errors.vided by the S800 focal-plane scintillator, and corrected for the 
TOF of the 3He particle in the spectrometer.
3. Singles data
The measured double-differential cross sections for the
100Mo(t, 3He) reaction are shown by the black points in Fig. 1. 
The systematic error is 11%, which comes mainly from the un-
certainty in the intensity of the incident triton beam. A multipole 
decomposition analysis (MDA) was performed for extracting the 
contributions for excitations associated with different units of an-
gular momentum transfer (L). Only components with L ≤ 2
were included in the MDA. For (t,3He) studies at forward scatter-
ing angles it has been found that the inclusion of a component 
with L = 3 generally does not improve the quality of the ﬁt as 
its angular distribution is easily mimicked by a L = 2 component 
and a weak L = 1 component. Hence, given the limited statis-
tics, a component with L = 3 was not included in the ﬁt. The 
cross sections were calculated by the computer program FOLD [43]. 
The nucleon–nucleon interaction was taken from the t-matrix pa-
rameterization at 140 MeV by Love and Franey [22]. The 3He
and t densities were obtained from variational Monte Carlo re-
sults [44]. The target transition density was calculated based on 
the normal-modes procedure by using the code NORMOD [45]. The 
optical potential was taken from the experimental parameter sets 
for the 3He+ 90Zr scattering at 148 MeV/u [46].
The results of the MDA are shown in Fig. 1. The obtained 
L = 0 component has a small bump around Ex = 2 MeV, asso-
ciated with the 0h¯ω GT excitations, and a broader structure at the 
higher excitation energies, dominated by the excitation of the 2h¯ω
IVSGMR. For the comparison with theoretical calculations, the ex-
perimental cross sections were converted into transition strengths 
by using the proportionality relation:
dσi/d|CM;θ=0◦ = σˆi F i(q)B (i) (i = GT, IVSGMR), (1)where σˆi is the unit cross section and Fi(q) is the kinematic cor-
rection factor calculated by FOLD. The unit cross section σˆGT was 
obtained, with a ∼ 10% uncertainty, from the well-established em-
pirical relationship with mass number [3,23], while the σˆIVSGMR
was obtained by the FOLD calculation. The latter was corrected by 
10% based on the difference between the calculated unit cross 
section in FOLD and the empirical unit cross section for the GT 
strength. As the proportionality between IVSGMR strength and 
cross section has not been well established, the unit cross section 
for the IVSGMR carries an estimated uncertainty of at least 30%.
The GT and IVSGMR strength distributions are shown in the top 
and bottom panels of Fig. 2, respectively. Since the GT and IVSGMR 
excitations are both associated with L = 0, they cannot be sep-
arated on the basis of the MDA. Separation can only be done by 
comparing the same excitations in a reaction with a less absorp-
tive probe, such as the (n,p) reaction, as was done for the cases 
of 90Zr and 208Pb [15]. Therefore, the results shown in Fig. 2 are 
based on a simple assumption that the cross sections associated 
with L = 0 at the low (high) excitation energies are due to the 
excitation of GT states (IVSGMR).
The logft value [47] for the β decay from 100Nb(g.s.) to 
100Mo(g.s.) is 5.1 ± 0.1, corresponding to B(GT) = 0.09 ± 0.02. Our 
experimental result gives 0.04 ± 0.03 for |Ex| < 0.5 MeV, which is 
consistent with the β decay result within the uncertainties. The 
total GT strength up to 4 MeV is 
∑
B(GT) = 0.77 ± 0.13 (stat.) ±
0.08 (syst.).
4. Theoretical framework
For the total Gamow–Teller transition strength, a simple esti-
mate was made by using a single-particle model (s.p.) [48] under 
the assumption that in 100Mo two protons occupy the g9/2 orbit 
and the neutron g7/2 orbit is completely empty. The B(GT) in this 
case amounts to 3.55. This estimate does not take into account 
possible quenching mechanisms, which are discussed below. It is 
342 K. Miki et al. / Physics Letters B 769 (2017) 339–344Fig. 2. (Color online.) The GT (top) and IVSGMR (bottom) strength distributions. The 
histograms (pink with black borders) are the experimental results and the error 
bars are statistical in nature only. The curves represent the theoretical calculations. 
See text for details. Two plots are presented for the GT strength distribution, where 
different types of theoretical calculations are shown together with the same exper-
imental data.
useful to compare the sophisticated approaches described below 
with this estimate as a reference.
A theoretical description of the GT and IVSGMR excitations in 
100Mo was developed by using a proton–neutron version of the 
relativistic quasiparticle time-blocking approximation (pn-RQTBA) 
[49]. It is based on the effective meson-exchange interaction be-
tween nucleons while the meson masses and coupling constants 
are slightly adjusted to bulk nuclear properties on the Hartree 
level. The latter forms the content of the covariant energy den-
sity functional theory (CEDFT) [50], which serves as a basis for 
calculations of the nuclear response function. The basis single-
quasiparticle states are 8-component Dirac spinors obtained as 
solutions of the relativistic Hartree–Bogoliubov problem, which in 
the case of the monopole pairing force reduces to the relativis-
tic Hartree-BCS. The Bethe–Salpeter equation (BSE) for the nuclear 
response function is formulated in this basis and projected onto 
the proton–neutron channel. Similar to the RQTBA in the neutral 
channel [51], the kernel of the BSE, besides the static part, also 
contains the energy-dependent part, which describes exchanges 
of vibrational quanta between nucleons, known as quasiparticle-
vibration coupling (QVC). These vibrations represent oscillations 
formed by collective coherent motion of strongly-interacting nu-
cleons, and produce an effective boson-exchange interaction giving 
the leading-order contribution to the energy-dependent interac-
tion. The frequencies of these vibrations and their coupling vertices 
are calculated in the self-consistent relativistic quasiparticle ran-
dom phase approximation (RQRPA) [52] with NL3 [53] interaction 
based on the same version of the CEDFT, providing a closed self-
consistent calculation scheme for pn-RQRPA. In the present version 
of the model for isospin-transfer excitations, ρ-meson and pion ex-
changes become responsible for the static part of the interaction, 
as described in [37,54–56]. The calculations are performed with 
(pn-RQTBA) and without (pn-RQRPA) QVC, in order to illustrate its 
impact on the GT and IVSGMR excitations.
Calculations that consider the deformation of 100Mo were also 
performed by using a deformed pn-QRPA framework, in which the 
transition strength was obtained using the proton–neutron ﬁnite-
amplitude method (pnFAM) [57] on top of an axially-deformed Hartree–Fock–Bogoliubov mean ﬁeld computed with the HFBTHO 
code [58]. The model space consisted of the ﬁrst 16 harmonic-
oscillator major shells and the interaction was SkO’ [59], ﬁne-tuned 
to better reproduce Gamow–Teller and spin-dipole resonances and 
beta-decay half-lives across the nuclear chart in Ref. [60]. Both a 
prolate and an oblate minimum were found for the 100Mo mean 
ﬁeld. The oblate minimum (β2 = −0.195) had the lower total en-
ergy of −853.053 MeV and the prolate minimum (β2 = 0.227) had 
a total energy of −852.609 MeV. For comparison, the solution with 
the mean ﬁeld constrained to be spherical was also computed, and 
found to have the energy of −851.798 MeV. The ground state of 
100Nb was estimated by computing the transition strength with 
a narrow smearing at low energies and identifying the lowest-
energy peak in the strength function. While this procedure is not 
generally applicable, as the lowest-energy peak can go unnoticed 
if there is little transition strength between the ground states or 
if the transition is forbidden, in this particular case we justify it 
by the available experimental data on 100Nb beta decay [47], as 
discussed above. As the QRPA describes the linear response of a 
mean ﬁeld, it is limited to a single mean ﬁeld, which in our com-
putations is a spherical, or at most an axially-deformed one. To 
further improve the description one should take into account the 
gamma-softness of 100Mo, using a model that does not rely on the 
mean-ﬁeld approximation. Finally, we note that the effective axial 
vector coupling constant of gA = 1.0 [60] has been adopted con-
sistently in the pn-(R)QRPA and pn-RQTBA calculations.
5. Comparison
In the top panel of Fig. 2, the s.p. estimate and pn-RQRPA cal-
culations for the GT strength distribution are compared to the 
experimentally extracted GT strength at low excitation energies. 
The theoretical estimates have been smeared with the experimen-
tal resolution. The s.p. estimate (B(GT) = 3.55) and the pn-RQRPA 
calculation with a summed B(GT) = 3.88 are nearly consistent. 
In the pn-RQTBA calculation, the summed GT strength is lower 
(B(GT) = 3.11), and some of the strength is pushed up in exci-
tation energy. In Ref. [61], the measured B(GT) distribution for the 
98Cd β decay was compared with the shell-model calculations. The 
observed strength was found to be quenched relative to the calcu-
lations by a factor of 4. If the same factor is applied to the s.p. esti-
mate, the total GT strength becomes 0.83, which is consistent with 
the present experimental results when integrated up to 4 MeV. 
The origin of this quenching was attributed to the multi-particle-
multi-hole and delta-particle-nucleon-hole admixtures in Ref. [61]. 
By comparing the pn-RQRPA calculations with the pn-RQTBA calcu-
lations, one ﬁnds that the inclusion of QVC results in a quenching 
of the low-lying strength and an increase of strength at higher ex-
citation energies, where it becomes almost indistinguishable from 
the IVSGMR. The pn-QRPA calculations, with a tunable T = 0
proton–neutron pairing interaction based on Ref. [59,60] produced 
a stronger quenching of the strength than the s.p. estimate and the 
pn-RQRPA calculations where the isoscalar proton–neutron pairing 
is not included, even if deformation is not considered. The spheri-
cal calculation gives a total strength of 0.82, almost entirely associ-
ated with the transition to the ground state of 100Nb. By including 
deformation effects, the strength distributions become fragmented 
and comparable to the experimental results, even if the details of 
the data are not well reproduced. In the case of the prolate (oblate) 
minimum, the total GT strength is 0.85 (0.53), both consistent with 
the data. It is concluded that the consideration of deformation ef-
fects and isoscalar proton–neutron pairing is crucial in order to 
make better estimates for the Gamow–Teller transition strengths.
As shown in the bottom panel of Fig. 2, the theoretical IVSGMR 
strength distributions calculated in the pn-RQRPA and pn-RQTBA 
K. Miki et al. / Physics Letters B 769 (2017) 339–344 343Fig. 3. (Color online.) The 100Mo(t, 3He + n) spectra. The top panel shows the yield 
distribution as a function of the 100Nb excitation energy and the energy of the emit-
ted neutron measured by the LV system. The gates shown by the black lines are 
used for calculating the branching ratio for direct and statistical decays, as detailed 
in the text. The bottom panel shows the neutron-coincident double differential cross 
sections for the LV and LS systems.
formalisms are roughly consistent with the data over the mea-
sured excitation-energy region, except near 20 MeV, where the 
data overshoots the theoretical estimates. In this panel, the ex-
tracted strengths were binned in the same manner as the experi-
mental data.
6. Neutron coincidence data
The 100Mo(t, 3He + n) coincidence spectra are shown in Fig. 3. 
The top panel shows the yield distribution as a function of the 
excitation energy (Ex) of 100Nb and the neutron energy (Tn) mea-
sured in the LV system. The spectrum consists of a statistical-decay 
component, and a direct-decay component. Based on a statistical-
decay calculation by using the code CASCADE [62], it was found 
that this component is associated with low-energy neutrons (Tn <
4 MeV), independent of the excitation energy of 100Nb. The direct 
decay component follows a diagonal pattern as Ex − Tn − S1n rep-
resents the excitation energy of the residual nucleus, where S1n is 
the neutron separation energy. The dashed red line corresponds to 
the decay from excited 100Nb states to the ground state of 99Nb. 
The few events that appear signiﬁcantly above this line stem from 
accidental coincidences (occurring at ∼ 5% of the prompt coinci-
dent rate) and possibly some scattering of neutrons in surround-
ing materials. They were rejected in the following analysis. We 
note that neutrons produced in the quasi-free (QF) processes [13,
28] also contribute to the same kinematical region as the direct 
decay component. The neutrons from the QF processes are emit-
ted predominantly at very forward scattering angles and can be 
distinguished from neutrons emitted in the decay processes by 
investigating the angular distribution [13,28]. However, given the 
limited statistics, it was not possible to meaningfully perform such 
an analysis in the present work.The bottom panel in Fig. 3 shows the neutron-coincident 
double-differential cross section measured with the LV (solid) and 
LS (dashed) systems. To obtain these cross sections, a correction 
was applied to account for the intrinsic and geometrical eﬃcien-
cies of the neutron detectors. The intrinsic neutron eﬃciencies 
of LV scintillator bars were simulated by the GEANT4 toolkit with 
the high-precision (HP) neutron cross-section package, covering 
neutron energies up to 20 MeV. For the LS system, the program 
NEFF7 [63] was used to calculate the intrinsic eﬃciencies. The 
geometrical eﬃciency was determined by assuming an isotropic 
angular distribution of the emitted neutrons. As mentioned above, 
it was not possible to verify this assumption with good preci-
sion. The total eﬃciency was about 2.3% (0.9%) at Tn = 1 MeV
(Tn = 10 MeV) for the LV system, for which the thresholds were 
set (in software) to 40 keVee. The eﬃciencies for LS system were 
2.6% (0.7%) at Tn = 1 MeV (Tn = 10 MeV) with thresholds set (in 
software) to 32 keVee.
The neutron-coincident cross sections are typically 60% of the 
singles cross section shown in Fig. 1. This is at least partially due 
to the fact that some neutrons have energies that are below the 
thresholds of Tn ≈ 400 keV set in the analysis. Based on the above-
mentioned statistical-decay calculation with the code CASCADE [62], 
10–20% of events will have been missed because of these thresh-
olds. Anisotropicities in the neutron angular distributions also af-
fect the extracted coincident cross section data. Finally, it is also 
possible that for a fraction of the events the decay proceeds en-
tirely by γ or proton emission and neutrons are not emitted.
The branching ratio for the direct-decay component, deter-
mined from the eﬃciency-corrected yield in the “direct” gate in 
Fig. 3, was 20 ± 6%. As mentioned above, it includes contributions 
from QF process, which makes this percentage an upper limit for 
the direct decay branch. The direct decay with Tn < 4 MeV was not 
clearly separated from the statistical decay due to the limited yield, 
and was not included in the “direct” gate. A more detailed analysis 
requires higher statistics, as was for example done in Ref. [64].
There are some events observed below the direct-decay gate in 
Fig. 3, but above the statistical-decay gate. These events are likely 
associated with a semi-direct decay process, in which the excited 
nucleus emits the neutron prior to reaching full statistical equi-
librium [19], or with the population of deep hole states in the 
direct-decay process [13].
Calculations for the direct decay by neutron emission from the 
different states/resonances in 100Mo are not available. Predictions 
in the framework of the Continuum Random Phase Approximation 
(CRPA) for the direct decay by neutron emission of the IVSGMR 
populated in Tz = +1 direction from 48Ca and 208Pb give branch-
ing percentages of 75% and 46%, respectively [32,33]. It is worth 
noting that theoretical calculations in the same framework were 
able to produce experimental results for the direct decay by pro-
ton emission from isovector giant resonances populated in the 
Tz = −1 direction on 208Pb reasonably well [13,20,28,31–34], 
with branching percentages ranging from ∼ 5% for the Gamow–
Teller Resonance to ∼ 50% for the IVSGMR. Although the present 
experiment shows the feasibility of performing (t, 3He + n) exper-
iments with the goal of studying the decay properties of the giant 
resonances populated in the Tz = +1 reaction, better statistics 
are clearly required to estimate detailed branching ratios for dif-
ferent resonances and to perform meaningful tests of theoretical 
models.
7. Conclusion
The excitation and decay of the spin–isospin excitations in 
100Nb were studied via the 100Mo(t, 3He + n) reaction. It was 
found that the Gamow–Teller transition strengths are strongly frag-
344 K. Miki et al. / Physics Letters B 769 (2017) 339–344mented and reduced compared to the single-particle estimate and 
spherical pn-(R)QRPA and pn-RQTBA calculations. By including de-
formation and adjustable proton–neutron pairing interaction in the 
pn-QRPA calculations, a better description of the Gamow–Teller 
strength at low excitation energies was achieved. Clearly, if one 
aims to estimate reliable weak-reaction rates based on theoretical 
calculations for medium-heavy nuclei for inputs to astrophysical 
simulations, one has to consider the effects of deformation and 
isoscalar proton–neutron pairing.
At excitation energies beyond ∼ 4 MeV, the IVSGMR contributes 
dominantly to the observed monopole strength. Although its 
strength distribution is relatively well described by the pn-RQRPA 
and pn-RQTBA calculations, the relatively strong excitation of this 
2h¯ω resonance makes it very diﬃcult to extract weak Gamow–
Teller transition strengths at higher excitation energies. Such ef-
fects constitute a signiﬁcant challenge for future studies that aim 
to extract Gamow–Teller strengths from even more neutron-rich 
(unstable) medium-heavy and heavy nuclei.
The feasibility of performing studies of the decay by neutron 
emission from giant resonances populated via Tz = +1 charge-
exchange reactions was shown, even though the statistical uncer-
tainties in the present experiment were too large to draw conclu-
sions on the branching ratios for decay by direct and statistical 
neutron emission from individual resonances. Nevertheless, as the 
study of decay by direct particle emission provides an avenue to 
better understand the microscopic properties of the giant reso-
nances, the present results stimulate further work in this direction.
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